Introduction 43
In food microbiology, plate counting is a longstanding and widely used enumeration method 44 to estimate the number of viable micro-organisms in food samples based on the assumption that 45 the micro-organisms are homogeneously distributed within foods. Assuming that all cells are 46 spatially separated, each viable micro-organism is expected to form one colony on an agar plate 47 provided that the medium, the temperature, the oxygen conditions and the incubation period are 48 suitable for potential recovery and growth. The number of colony forming units (CFU) per gram 49 or milliliter of sample is calculated from the plate counts, the dilution factor and the plated 50
volume. 51
The counting range of the acceptable number of colonies per plate has been reported early on 52 as a factor affecting the accuracy of the plate counting method and recommendations for suitable 53 counting ranges have been published accordingly. A range of 30-500 colonies per plate has been 54 recommended by Breed and Dotterer (1916) in their proposal to revise the standard methods of 55 milk analysis. This original recommendation has later been amended to a range of 30-300 56 colonies per plate, which has found wide acceptance (Adams and Moss, 2008 ; Sutton, 2006 ). An 57 optimum counting range of 25-250 colonies per plate for a 10-fold dilution series of raw milk has 58 been recommended by Tomasiewicz et al. (1980) . A range of 15-300 for non-selective plates has 59 been prescribed in ISO standard 4833 (ISO, 2003) . Most recently, the lower limit of the 60 acceptable counting range was decreased to 10 in ISO standard 7218 (ISO, 2007) . Over the years, 61 the number of replicate plates advised for enumeration reduced from triplicate (Breed and 62 Dotterrer,1916; Tomasiewicz et al., 1980) , over duplicate (ISO, 2003) , to singular plating for at 63 least two successive dilutions (ISO, 2007) . As the number of replicate plates directly affects the 64 volume and the total number counted, this factor also impacts the accuracy of the plating method.
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Regarding the dilution factor and the plated volume used to calculate the number of 66 micro-organisms in a sample (expressed as CFU/g or CFU/mL), pipet volume and sample weight 67 can both be assumed to be normally distributed and to be characterised by a mean and standard 68 deviation. However, plate counts vary according to a Poisson distribution as Fischer et al. (1922) 69 showed for replicate plates of soil samples and Wilson (1935) showed for plate counts of milk 70 samples. Because the standard deviation of a Poisson distribution is equal to the square root of 71 the mean of the distribution, the count itself is a measure of the precision of the method. Plate 72 count data will always be more variable than the variability resulting only from sampling 73 homogeneously distributed micro-organisms (Cowell and Morisetti,1969) . Therefore, variability 74 in the colony count on plates enables one to calculate the limiting precision of counts. The 75 limiting precision caused by the Poisson distribution error can be expressed by the coefficient of 76
variation (CV). CV-values have been shown to increase for lower plate counts (Cowell and 77
Morisetti, 1969; Jarvis, 2008) . Additionally to the Poisson distribution error, the error in 78 counting the actual colonies on plates can be assumed to be normally distributed. 79
Understanding the various factors that impact on accuracy of the plating method is 80 important to confidently assess numbers of micro-organisms in foods. Since the microbial 81 distribution in foods is inherently heterogeneous (Corry et al., 2007; ICMSF, 2002) , and 82 hazardous micro-organisms generally are present in low numbers, both heterogeneity and low 83 numbers will influence the enumeration of micro-organisms. Plate counts from rather 84 homogeneous products have been studied in quite good detail. However, plate counts from 85 heterogeneous products such as solid and powdered foods have received less attention. 86 Therefore, this study systematically determined the impact of three factors on the 87 accuracy of the plating method when estimating low numbers of Cronobacter sakazakii strain 88
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2) heterogeneity of the food product and 3) technical errors caused by pipetting, weighing and 90 counting. As the overall accuracy of the plate count technique is extensively discussed in the 91 review of Corry et al. (2007) , our study expands on this and previous investigations by also 92 taking microbiological heterogeneity into account and determining the impact of technical errors, 93 low numbers of micro-organisms as well as singular versus duplicate plating. The accuracy of the 94 plating was investigated theoretically, experimentally and using Monte Carlo simulations. The 95 impact of low numbers was determined by repeating the experiment for different numbers of the 96 C. sakazakii in liquid and powdered milk, taking a large series of samples in each experiment and 97 keeping all other conditions constant. 98 99
Materials and methods 100

Defining accuracy 101
According to ISO standard 5725-1 (ISO, 1994), the accuracy of measurement methods and results 102 depends on both trueness and precision. Trueness is defined as the closeness of agreement 103 between the average value obtained from a large series of test results and an accepted reference 104 value. If an accepted reference value is not available, the expected measurable quantity may be 105 used as the reference for comparison of test results. Precision is defined as the closeness of 106 agreement between independent test results obtained under stipulated conditions. The precision of 107 a measurement method is indicated by the reading error of a measurement or the standard 108 deviation of a series of measurements. The accuracy in directly measured quantities such as 109 sample weight, dilution volume, and plated volume will propagate in the final enumeration value 110 (the number of micro-organisms in a sample, expressed as CFU/g or CFU/mL). Assuming 1 g = 1 mL for a solid or powdered sample, the dilution factor is the ratio between the 126 sample volume and the sample volume plus the dilution volume: 127 For independent random errors, the propagation of the precision error was calculated 144 using two rules (Taylor, 1982) : the error (δq) in the result of an addition or subtraction (Eq. 5) 145 and the relative error (δ ) in the result of a multiplication or division (Eq. 6). 146
Using these two rules and N from Eq. 4, the relative error of N can be described as: 149 into the batch of PIF is known, the expected number of micro-organisms in a batch can be 211 calculated. For instance, mixing 3g of spiked powder into 1 kg PIF will result in an expected 212 concentration of 3.76 log CFU/g This expected number can be used as a reference. In the same 213 way, the expected number of micro-organisms in milk can be calculated as the number of micro-214 organisms in the suspension (with a C. sakazakii concentration of 1.1x10 10 CFU/mL), the dilution 215 factor and the volume mixed into 1 L milk are known. The expected concentration for the highest 216 level of contaminant in liquid milk is 4.34 log CFU/mL. 217
If the micro-organisms are log-normally distributed within a batch, the log counts of the 218 samples and the variance between the log counts will also give an estimation of the number of 219 micro-organisms in the batch. According to Rahman (1968) , the arithmetic mean C is related to 220 the geometric mean expressed as CFU/g or CFU/mL) were determined individually and are shown in Table 1 
The relative errors In scenario 2, the input variables V plate, V dil , and S were assumed to be normally 291 distributed while C was Poisson distributed. The input variable C significantly determined N as 292 shown in Table 2 and according to the sensitivity analysis (data not shown). The relative error 293 N N σ was slightly higher than the theoretical Poisson distribution error.
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In scenario 3, C was assumed to be Poisson distributed with an additional count error of 295 5%, which also resulted in a strong relationship between N and C. The error in N was slightly 296 higher than if C was only Poisson distributed. 297 298
The sampling data of liquid milk 299
Using the experimental ecdf-curve established at the highest inoculum level (2x10 4 CFU/mL) as 300 the reference and assuming an identical variability at lower inoculum levels, predictions were 301 made of the ecdf-curves for the lower inoculum levels evaluated (i.e. 4x10 2 , 7x10 2 , 1x10 3 , 3x10 3 , 302 5x10 3 , and 1x10 4 CFU/mL). Predicted ecdf-curves are displayed as lines in Figure 2a and can be 303 compared with the experimental ecdf-curves for the individual batches which are displayed as 304 symbols. Although for low concentrations the variability is slightly higher than the predicted 305 lines, experimental and predicted ecdf-curves match well. 306 307
The sampling data of powdered milk 308
Also for the contaminated milk powder, ecdf-curves were predicted for various levels of the 309 micro-organism evaluated using the ecdf-curve derived from experimental data for the most 310 highly contaminated batch as the reference and assuming the same variability for all levels. The 311 reference batch contained 3 g of spiked powder, while the other four batches contained 0.15, 312 0.30, 1, and 2 g of spiked powder. Figure 2b shows the various predicted ecdf-curves as lines, 313 while the experimental ecdf-curves are displayed as symbols. Because all batches were very 314 thoroughly mixed using 3-D mixing equipment, it was expected that the contaminant would have 315 been well distributed throughout the sample and that even for low contamination levels samples 316 would mostly be above the detection limit (1.7 log CFU/g). However, as can be seen from Fig 2b,  317 for the lowest three contamination levels there were rather many samples below detection limit.
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The percentages of samples below the detection limit were 39%, 50%, 14% and 2% for the 319 batches mixed with 0.15 g, 0.30 g, 1 g and 2 g, respectively. 320
The ecdf-curves derived from the reference at the highest concentration level run 321 comparably steep, but less steep than the ecdf-curves found for liquid milk. It can be clearly seen 322 that experimental ecdf data deviate very considerably from the predicted ecdf-curves for all 323 contamination levels and mostly so for the lowest levels of contamination. 324
The experimental ecdf-curve for the batch spiked with 0.15 g contaminated milk powder 325 showed two outliers, namely at 4.6 and 5.2 log CFU/g. For both outliers, one of the plate counts 326 was above 100 colonies whereas the other had a colony count of zero. Such a large difference in 327 colony count may have been caused by clumping of cells in the 10-1 dilution, with clumps not 328 dissolving after vortexing. These two outliers have not been taken into account in further 329
calculations. 330
The samples of the batch mixed with 3 g of spiked powder had a mean ( C log ) of 3.57 log 331 CFU/g and a standard deviation (s logC ) of 0.36 log CFU/g. Assuming log-normally distributed 332 micro-organisms and using Eq. 8, this resulted in an arithmetic mean ( ) log(C ) of 3.73 log 333 CFU/g, which is close to the reference concentration of 3.76 log CFU/g. 334
In Figure 3 were evaluated. Figure 5 shows the concentration of the same sample singular plated versus 364 duplicate plated assessed for liquid milk (Fig. 5a ) and powdered milk (Fig. 5b) . All plate counts18/33 of liquid milk contained more than 1 colony per plate. For powdered milk, at the lowest 366 contamination levels one of the duplicate plates contained zero colonies, resulting in series of 367 data points laying in horizontal lines. In both figures, the vertical line at a reference concentration 368 of 3 log CFU/mL (or 3 log CFU/g) corresponds to 10 colonies per plate, which is the currently 369 advocated lower limit of the plate counting range (ISO, 2007) . From the reference level upward, 370
for both liquid and powdered milk, concentrations determined by both methods coincided well; 371 the data points were close to the line of equality (y = x), which is according to Bland and Altman 372 (1986) the criterion for a perfect agreement between two methods. Below the reference 373 concentration, however, the distance of data points to the line of equality increased, which 374 resulted in a clear difference between the two methods especially in the case of powdered milk. 375 376
The impact of samples taken and singular or duplicate plating related to heterogeneity 377
The impact of samples taken and singular or duplicate plating in relation to heterogeneity was 378 investigated. Using Monte Carlo simulations, it was evaluated whether it would be better to take 379 10 samples and plate them singularly, or to take 5 samples and plate them in duplicate. Two 380 powdered milk batches characterised by a different level of heterogeneous distribution of the 381 contaminant were investigated. The levels of the contaminant were either 0.15 or 3 g of spiked 382 milk powder per 1 kg batch of milk powder. The spiked powder was mixed into each batch, with 383 the lower contamination level representing the more heterogeneous distribution (Fig 3a) and the  384 higher contamination level representing the more homogeneous distribution (Fig. 3e) . 385
The data of the homogeneous and heterogeneous powder were re-sampled in silico 386 (Bootstrap @Risk, 10.000 simulations) by drawing 5 samples plated in duplicate and 10 samples 387 plated singularly. Figure 6 represents the distribution of the mean concentrations of the log counts 388 calculated from 5 samples (duplicate) and 10 samples (singular) drawn from homogeneous data19/33 (Fig. 6a) and heterogeneous data (Fig. 6b) . Re-sampling the data of the homogeneous powder 390 resulted in no significant difference between the means of the log counts from 5 samples plated in 391 The impact of heterogeneity in the distribution of a contaminant on accuracy of the plate 413 count technique has not been studied before and forms a specific aspect of the current work. As the number of replicate plates affects the total number of colonies counted, this factor 430 may also impact accuracy of the plating method. Therefore, the difference between singular and 431 duplicate plating was investigated experimentally. Since the concentration in each sample was 432 calculated using both methods, the difference between singular and duplicate plating could be 433 by Wille et al. (1996) , who showed that duplicate or triplicate plating is not more accurate than 437 singular plating provided that there are 10-50 colonies per plate. By doubling the plated volume, 438 however, duplicate plating will increase the detection limit. By doubling the total number of 439 colonies duplicate plating will lower the Poisson distribution error. As Wille et al. (1996) 440 concluded, duplicate plating will heighten the confidence in the reliability of bacterial counts 441 from single plates. 442
The impact of heterogeneity on the possible benefits of duplicate plating over singular 443 plating was investigated by drawing 5 samples plated in duplicate or 10 samples plated singular. 444
In both approaches, the same sample volume was plated. The experimental data generated for the 445 most homogeneously contaminated milk powder (that with the highest level of spiked powder) 446 and the most heterogeneous powder (with the lowest level of spiked powder) were re-sampled 447 using Monte Carlo simulations. Re-sampling the homogeneous powder showed no significant 448 difference between the means of the 5 or 10 samples. However, re-sampling the heterogeneous 449 powder showed a significantly smaller mean and a larger standard deviation between the means. 450
Drawing 5 samples plated in duplicate resulted in a probability of 1.1% that in all 5 samples no C. 451 sakazakii was detected. Although a relatively small probability, such an incorrect enumeration 452 could have hazardous consequences for consumers in case of severe pathogens. In case of 10 453 samples plated singularly, C. sakazakii was detected in all cases, even though the same amounts 454 of plates and dilution fluid was used. 455
Since the plate count technique is a simple, fast method to quantify levels of micro-456 organisms, it is an important tool to estimate numbers of micro-organisms in food samples to 457 establish the microbiological quality and or safety of these foods. 
